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Recently, coexistence of ferromagnetism (Tcuric = 2.8 K) and superconductivity (T sc = 0.8 K) 
has been reported in UCoGe, a compound close to a ferromagnetic instability at ambient pres- 
sure P. Here we present resistivity measurements under pressure on a UCoGe polycrystal. The 
phase diagram obtained from resistivity measurements on a polycrystalline sample is found to 
be qualitatively different to those of all other ferromagnetic superconductors. By applying high 
pressure, ferromagnetism is suppressed at a rate of 1.4 K/GPa. No indication of ferromagnetic 
order has been observed above P m 1 GPa. The resistive superconducting transition is, how- 
ever, quite stable in temperature and persists up to the highest measured pressure of about 
2.4 GPa. Superconductivity would therefore appear also in the paramagnetic phase. However, 
the appearance of superconductivity seems to change at a characteristic pressure P* ~ 0.8 GPa. 
Close to a ferromagnetic instability, the homogeneity of the sample can influence strongly the 
electronic and magnetic properties and therefore bulk phase transitions may differ from the 
determination by resistivity measurements. 

KEYWORDS: UCoGe, ferromagnetic superconductor, high pressure 



G 

O 

o 



> 
o 
o 
in 
o 

o 

oo 

o 



X 



Since superconductivity under pressure (P) in the fer- 
romagnet UGe2 has been discovered, 1 the coexistence 
of ferromagnetism and superconductivity has attracted 
much attention because in standard BCS theory spin sin- 
glet pairing is unlikely in a ferromagnet. It had been 
proposed 2 that superconductivity could occur in a weak 
itinerant ferromagnet at the border of the magnetic state 
when the attraction of electrons forming a Cooper pair 
is mediated via magnetic fluctuations. In this case, the 
Cooper pair electrons would form a triplet ground state. 
Up to now, coexistence of bulk superconductivity and 
ferromagnetism has been reported in UG62, 1 URhGe, 3 
and most recently in UCoGe. 4 In UGe2 superconduc- 
tivity appears only under pressure in the ferromagnetic 
state in a pressure window from 1 GPa up to the pressure 
P c ~ 1.5 GPa, where the ferromagnetism collapses by a 
first order transition. At P x = 1.2 GPa a transition be- 
tween two different ferromagnetic states (FM1 and FM2) 
occurs with a change of the ordered moment at T = 
from mo ~ 1.4 /Zb to too ~ 1 /iB- 5 ' 6 Even close to the 
critical pressure, the magnetic moment is still large. The 
temperature of superconductivity T sc reaches its maxi- 
mum (700 mK) at this pressure P x . 7 This strongly sug- 
gests that superconductivity is rather enhanced by the 
fluctuations at the transition between FM1 and FM2 
than at the quantum critical point. 

In URhGe superconductivity occurs already at ambi- 
ent pressure in the ferromagnetic phase (Tc U ric = 9.5 K, 
T sc = 250 mK, m = 0.4 ^b)- 3 Applying pressure 
tunes the system away from the quantum critical point. 
An almost linear increase of Tcuric with a slope of 
dT Curic /dP = 0.65 K/GPa up to 12 GPa 8 is observed un- 
der pressure, but the superconducting transition temper- 
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ature decreases. Additionally, a spectacular reentrance of 
superconductivity appears close to a reorientation of the 
magnetization under high magnetic field. 9 

These two cases of ferromagnetic superconductors give 
no clear view on the link between superconductivity and 
a first order transition of a weak ferromagnetism at P c . 
The recently discovered material UCoGe, which is also 
ferromagnetic and superconducting at ambient pressure 
(Tc ur ie = 2.8 K, T sc = 0.8 K) but has a lower sublatticc 
magnetization of too = 0.07 /zb than the previous sys- 
tems, 4, 10 seems to correspond to the required condition. 
Furthermore, from thermal expansion and specific heat 
measurements on UCoGe it was predicted by applying 
the Ehrenfest relation that dT CuTie /dP = -2.5 K/GPa 
and dT sc /dP = 0.48 K/GPa. 4 Assuming a linear P vari- 
ation Tcuiie(P) a critical pressure of P c « 1.2 GPa is 
expected for the case of a second order quantum phase 
transition at T = 0. Our main aim was to determine the 
pressure dependence of T sc and Tc ur i e hi the proximity 
to this pressure. 

Extensive pressure studies via resistivity measure- 
ments are reported. A polycrystalline sample was pre- 
pared by using a radio frequency furnace. The starting 
materials U (purity 99.9 %, 3N), Co (4N) and Ge (6N) 
were melted in a water cooled copper crucible under ul- 
tra high vacuum (UHV) and purified argon atmosphere. 
The sample was annealed for 5 days at 900 °C under 
UHV. X-ray diffraction confirmed the TiNiSi-type or- 
thorhombic crystal structure. The small sample for pres- 
sure measurements has been cut by spark cutter to a 
size of about 0.5 x 1 x 1 mm 3 . The residual resistivity 
ratio (RRR = p(300 K)/p(lK)) is approximately 28, in- 
dicating the high quality. At ambient pressure the poly- 
crystalline sample has ferromagnetic and superconduct- 
ing signatures quite similar to those found in Ref. 4 but 
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Fig. 1. (Color online) Resistivity (T, P) of UCoGe for different 
pressures between 0.13 GPa and 2.4 GPa. The inset shows a 
zoom into the low temperature region with the superconducting 
transition, which is seen for all measured pressures. 

slightly broader than in single crystals. 10 

Resistivity was measured by standard four point 
method with a lock-in amplifier at a measurement fre- 
quency of / = 17 Hz with an electrical current of ~ 
25 pA. The signal was amplified by a factor of 100 with 
an transformer at ambient temperature and by a factor 
of 1000 with a low noise pre-amplificr. Pressure was ap- 
plied by a hybrid piston cylinder cell with a NiCrAl inner 
cylinder with a inner diameter of 4 mm and CuBe outer 
cylinder. The feedthrough and piston are of CuBe and 
tungsten carbide, respectively. Daphne oil 7373 has been 
used as a pressure transmitting medium and the pressure 
was determined via the measurement of the ac-magnetic 
susceptibility of the superconducting transition of a piece 
of lead inside the pressure chamber. At constant pressure 
temperature sweeps at zero field have been effected in a 
3 He cryostat down to 0.4 K and for the three highest 
pressures in a dilution refrigerator down to 0.1 K. 

Fig. 1 shows the resistivity data as a function of tem- 
perature for different pressures. The absolute value of 
the resistivity is normalized to p — 250 pfl cm at room 
temperature, which was estimated from the resistivity 
of URhGe. The appearance of micro cracks in the poly- 
crystalline sample impedes the determination of the re- 
sistivity by the geometrical factor. At the lowest pres- 
sure, the anomaly at Tc ur ie(p) is visible as a very small 
broad anomaly, which becomes even less pronounced for 
higher pressures. Therefore the ferromagnetic transition 
temperature is difficult to define. The maximum in the 
temperature derivative of the resistivity curves does not 
provide a reasonable criterion to locate Tc ur i e (p). The 
preferable method we found was to subtract a straight 
line (Cp + BpT) from each resistivity curve. The ob- 
tained curves up to 1.1 GPa are shown in Fig. 2. In that 
way, the transition is clearly visible and can be defined 
by a tangential method as presented for P — 0.13 GPa. 
For 1.1 GPa, the behavior is rather flat and no transi- 



Fig. 2. (Color online) Determination of the Curie temperature 
Tburie m UCoGe: A straight line (resistivity linear in T) has 
been subtracted from the resistivity data for each pressure to see 
clearly the transition temperature which has been determined 
by the crossing point of the two tangents; here presented for 
P = 0.13 GPa. 

tion temperature can be defined in this way. Nevertheless 
there may be some residual fraction of the ferromagnetic 
transition. The initial broadness of the anomaly and this 
special behavior give strong indications that there may 
be a distribution of Curie temperatures within the sam- 
ple. 

The inset of Fig. 1 gives a zoom on the superconduct- 
ing transition from resistivity measurements T sc (p) for 
different pressures. Superconductivity has been observed 
up to the highest measured pressure of P ~ 2.4 GPa. The 
superconducting transition temperature T sc (p) is defined 
by the midpoint of the transition in the resistivity. 

The phase diagram obtained from these measurements 
is shown in Fig. 3. The dashed lines indicate the slopes 
of dT CuTie (a)/dP = -2.5 K/GPa and dT sc (a)/dP = 
0.48 K/GPa as determined from Ehrenfest relation by 
the specific heat and thermal expansion (a) anomaly. 4 
The obtained slopes from this high pressure study are dif- 
ferent, dTc m ie(p)/dP = -1.4 K/GPa and dT sc (p)/dP = 
(0.1 ± 0.05) K/GPa, but agree in sign. An interpolation 
of Tcurie(p) data to ambient pressure gives a Tc ur i e (p) 
of 2.7 K in good agreement with 7c ur i e determined from 
ac susceptibility (maximum of xL c )- The inset of Fig. 3 
shows the onset (T onset ), midpoint (T mi d), an d zero re- 
sistivity (T p= q) of the superconducting transition in an 
enlarged scale as a function of pressure. Under pressure 
X" m id and T p= q first increase and then decrease with a 
maximum of T sc (p) = T mid = 0.75 K at P = 0.8 GPa. 
The onset temperature Tonset, however, depends only 
weakly on pressure (see Fig. 4(d)). At first glance, the 
UCoGe phase diagram seems different from the ones of 
UGe2 and URhGe. In contrast to UGe2 and URhGe, the 
superconducting temperature appears to be almost in- 
dependent of pressure and insensitive to the transition 
through P c . In first approximation P c may be respec- 
tively expected at 2.1 GPa or at 1.2 GPa from a linear 
extrapolation of the low pressure data of Icurie(p) and 
of Tcuric (a) (dashed line in Fig. 3). However, as the tran- 
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Fig. 3. (Color online) Phase diagram (T, P) of UCoGe from resis- 
tivity measurements with the ferromagnetic (FM) phase and the 
superconducting (SC) phase (circles). At zero pressure Tc ur ; is 
determined by ac susceptibility (full square). The dashed lines in- 
dicate the slopes of the transition lines calculated from Ehrenfest 
relation at ambient pressure. 4 In the inset the onset-, midpoint- 
and zero-resistivity temperatures of the superconducting transi- 
tion are shown. Lines are guides to the eye. 

sition from the ferromagnetic to the paramagnetic state 
may be of first order, as generally expected for ferromag- 
netic quantum phase transitions. 11 ' 12 Tcuric will not be 
continuously suppressed to T = but will be finite at 
a pressure P* above which no ferromagnetism emerges 
anymore. P* is probably below 2.1 GPa. When T sc be- 
comes higher than Tcuric, ferromagnetism will not sur- 
vive as the opening of a superconducting gap precludes 
the establishment of long range magnetic order. The crit- 
ical pressure P* for ferromagnetism can therefore be es- 
timated from the crossing point between the transition 
lines from resistivity and thermal expansion with the su- 
perconducting transition T SC (P) as P£(p) — 1.2 GPa re- 
spectively P£{at) = 0.8 GPa. It is interesting to note that 
P* is approximately equal to the characteristic pressure 
P* as described later. 

Another mark of unusual behavior appears in the anal- 
ysis of the resistivity data according to the equation 
p = po + A x T x in the normal state for T <1.7 K as shown 
in Fig. 4. The T 2 Fermi-liquid law is only found at low 
pressure. From the P variation of the residual resistivity 
Po, the A x coefficient and the derived exponent x of these 
fits as well as from the apparent estimated broadening 
AT of the superconducting transition, clearly a charac- 
teristic pressure of P* ~ 0.8 GPa emerges. At P* the co- 
efficient of the inelastic scattering term A x is enhanced. 
A quite unusual result is the quasi-invariance of x ~ 1 
above P*. The difficulty to recover T 2 Fermi liquid law 
on both sides of the first order quantum critical point 
has now been established in many systems, notably for 
MnSi 13 and ZrZn 2 . 14 However, x is often very near to 1.5, 
while here it is more close to one. Of course, we cannot 
exclude that a Fermi liquid state with a clear T 2 temper- 
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Fig. 4. (a-c) Pressure dependence of the fit parameters of a p = 
po + A X T X fit in the normal state for T <1.7 K in UCoGe. 
The clear anomaly at P* ~ 0.8 GPa reflects the pressure where 
the broad transition passes through this temperature region. It 
corresponds to the pressure where the superconducting transition 
AT SC is the narrowest (d). The lines are guides to the eye. 

ature dependence of the resistivity appears only at a tem- 
perature lower than T sc . The coincidence under pressure 
between a maximum of T sc and a minimum in the width 
of the superconducting transition in the resistivity is a 
common feature in pressure experiments. However, the 
fast increase of the broadening of the superconducting 
transition above P* may indicate a rapid pressure depen- 
dence of the superconducting volume fraction associated 
with surviving ferromagnetic droplets. This suggests that 
P* may be not so far above P* and the pressure of the 
collapse of superconductivity will coincide with P* as in 
UGe2 in high purity crystals. 

Due to the long range nature of ferromagnetism, the 
sample purity may play a key role in the electronic prop- 
erties close to the ferromagnetic instability. This ques- 
tion becomes critical for a weak first order transition as 
expected for UCoGe. UGe2 may be a rather "clean" as 
Am =1 pbi while in UCoGe Atoo may be near 10~ 2 pb 
at the first order transition. 

Even the previous reports point out the heterogene- 
ity of the phase transition at T sc but also at Tom-ic- For 
example in the first publication about UCoGe supercon- 
ductivity, the resistivity onset of superconductivity at 
Tsc = 0.8 K is far above the maximum of the super- 
conducting specific heat anomaly at T sc ~ 0.45 K. 4 The 
difficulty to achieve a homogeneous state may also be 
indicated in NMR and NQR results (weak fraction of su- 
perconducting volume, no simple exponential behavior 
of nuclear magnetization recovery). 15 

If there is heterogeneity in ferromagnetism, the resis- 
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tivity probe is not adapted to test the boundary of bulk 
superconductivity because a remaining fraction of fer- 
romagnctism may lead to partial superconductivity in 
the sample and hence an apparent weak pressure depen- 
dence of T sc detected by resistivity. As recently demon- 
strated for the uranium-based heavy fermion supercon- 
ductor URu 2 Si2, the superconducting phase boundary 
obtained by resistivity measurements can be very differ- 
ent from that measured by specific heat. 16 Furthermore 
in URu 2 Si2, the collapse of bulk superconductivity is at 
P x = 0.5 GPa, when the hidden order phase switches 
to the antiferromagnetic ground state, while resistivity 
data indicate the suppression of superconductivity be- 
tween 1.3 GPa and 2 GPa. 

Experimentally the surprising observation was the dif- 
ficulty to modify the superconducting state under pres- 
sure. However we believe that this unexpected behavior is 
linked to the simultaneous high sensitivity of ferromag- 
netic and superconducting anomalies to imperfections. 
Here it is shown that even for a RRR near 30, large 
smearings occur in ferromagnetic and superconducting 
transitions. In heavy fermion systems with an antiferro- 
magnetic instability, the smearing appears mainly for the 
superconducting transition. Furthermore, it is interesting 
to note that in contrast to antiferromagnctically ordered 
systems like CeRhlns 17 or CeIrSi3, 18 the superconduct- 
ing transition in UCoGe is sharper in the magnetically 
ordered regime than in the paramagnetic state. 

There are strong indications for a critical behavior at 
P* <~ 0.8 GPa being almost the critical pressure of P* 
predicted from ambient pressure thermal expansion mea- 
surements. The apparent strong deviations from Fermi 
liquid behavior above P* is a remarkable fact which may 
be due to a surviving ferromagnetic cluster. 

In conclusion, we present a high pressure phase dia- 
gram of the ferromagnetic superconductor UCoGe de- 
termined from resistivity measurements on a polycrys- 
tallinc sample. The ferromagnetic transition temperature 
is monotonously suppressed with pressure and could be 
followed up to P* ~ 0.8 GPa. The pressure dependence 
of T sc has a smooth maximum at P* and superconduc- 
tivity could be observed up to the highest pressure of 
2.4 GPa. However, the broadening of the superconduct- 
ing transition above P* may indicate an inhomogeneous 
state. Obviously the next target will be to perform mea- 
surements on high quality single crystals (RRR > 50). 
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